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Abstract 

Evolution of extracorporeal life support (ECLS) technology has added a new dimension to the intensive care 
management of acute cardiac and/or respiratory failure in adult patients who fail conventional treatment. ECLS also 
complements cardiac surgical and cardiology procedures, implantation of long-term mechanical cardiac assist 
devices, heart and lung transplantation and cardiopulmonary resuscitation. Available ECLS therapies provide a range 
of options to the multidisciplinary teams who are involved in the time-critical care of these complex patients. While 
venovenous extracorporeal membrane oxygenation (ECMO) can provide complete respiratory support, 
extracorporeal carbon dioxide removal facilitates protective lung ventilation and provides only partial respiratory 
support. Mechanical circulatory support with venoarterial (VA) ECMO employed in a traditional central/peripheral 
fashion or in a temporary ventricular assist device configuration may stabilise patients with decompensated cardiac 
failure who have evidence of end-organ dysfunction, allowing time for recovery, decision-making, and bridging to 
implantation of a long-term mechanical circulatory support device and occasionally heart transplantation. In highly 
selected patients with combined severe cardiac and respiratory failure, advanced ECLS can be provided with central 
VA ECMO, peripheral VA ECMO with timely transition to venovenous ECMO or VA-venous ECMO upon myocardial 
recovery to avoid upper body hypoxia or by addition of an oxygenator to the temporary ventricular assist device 
circuit. This article summarises the available ECLS options and provides insights into the principles and practice of 
these techniques. One should emphasise that, as is common with many emerging therapies, their optimal use is 
currently not backed by quality evidence. This deficiency needs to be addressed to ensure that the full potential of 
ECLS can be achieved. 



Review 

Introduction 

Extracorporeal life support (ECLS) is a therapeutic op- 
tion increasingly used in the management of patients 
with cardiorespiratory failure that is refractory to max- 
imal conventional treatment [1,2]. This support may fa- 
cilitate therapeutic intervention, bridge to recovery, 
bridge to a long-term support device, heart or lung 
transplantation, or bridge to palliation. Despite the 
renewed interest in ECLS technology following the 2009 
H1N1 influenza pandemic [3], there is a lack of 
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definitive evidence regarding its routine application. 
Current ECLS equipment has evolved to allow a pleth- 
ora of perfusion strategies enabling tailored temporary 
support for patients and the ability to transition between 
configurations. A number of factors limit more frequent 
utilisation. These factors include challenges in patient 
selection, choice of an appropriate strategy, technical as- 
pects of initiation and maintenance, and minimising 
complications [4]. 

This review provides a summary of the available ECLS 
options and cannulation techniques for short-term sup- 
port of adult patients with cardiorespiratory failure that 
is refractory to conventional treatment. 
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Extracorporeal respiratory support for respiratory 
failure 

Extracorporeal membrane oxygenation 

Details about the technology, principles and practice of 
extracorporeal membrane oxygenation (ECMO) can be 
found elsewhere [5,6]. Venovenous (W) ECMO is pre- 
dominantly used as a rescue therapy for selected patients 
with acute respiratory distress syndrome (ARDS) and re- 
fractory hypoxia [1,7,8]. Patients with refractory hypoxia 
due to ARDS continue to have a high mortality, in the 
order of 70 to 90%. Whether W ECMO further improves 
survival in this group of patients when compared with 
lung-protective ventilation (LPV) and adjuncts such as 
neuromuscular blockade [9] and prone ventilation [10] is 
yet to be established. Recent studies demonstrating harm 
or no benefit with the use of high-frequency oscillation in 
patients with moderate to severe ARDS exclude this tech- 
nique as a routine rescue option for refractory hypoxia and 
may further expand the scope of W ECMO [11,12]. Des- 
pite unfavourable results in the early studies, the CESAR 
trial showed improved disability-free survival at 6 months 
in 90 patients who were randomised to receive ECMO 
(37% vs. 53% on LPV, P = 0.03) [13]. However, 22 of these 
patients did not receive ECMO and a majority of them im- 
proved with LPV. The study was criticised for lack of 
standardisation of LPV in the control group. This may not 
be seen as definitive evidence supporting the use of W 
ECMO. However, the CESAR trial and the UK data from 
patients with HINl-related ARDS do confirm that referral 
to an ECMO centre may lower hospital mortality com- 
pared with matched non-ECMO-referred patients [14]. 

Analysis of 2009 H1N1 pandemic data [3,15-18] dem- 
onstrates that while W ECMO may be in equipoise with 
LPV, it may play a vital role in younger patients with 



critical oxygenation who have fewer failed organ systems 
and fail LPV [8]. Although W ECMO is relatively easy to 
institute technically, the complexities relate more to the 
availability of the service, practicalities of transfer to an 
ECLS centre, timing and patient selection, care of the pa- 
tient on ECMO and minimising complications [4]. Pa- 
tients often need to be retrieved whilst supported by 
ECMO, and data suggest that this can be undertaken 
safely in trained hands with an appropriate system [19]. 
W ECMO and the more portable proprietary extracor- 
poreal respiratory support devices such as Cardiohelp " 
(Maquet Cardiopulmonary AG, Hirrlingen, Germany) can 
be utilised for transport [20] . 

A number of configurations of W ECMO can be applied 
based on individual patient requirements (Table 1). 
Although there are many other factors, patient arterial oxy- 
genation is critically dependent on the fraction of total car- 
diac output passing through the oxygenator while adequate 
carbon dioxide (CO2) clearance can still occur with lower 
blood flows [21]. The bicaval dual-lumen Avalon™ cannula 
(Avalon Laboratory, Los Angeles, CA, USA) inserted 
through the internal jugular vein allows single-site cannula- 
tion for W ECMO [22], but flows are unlikely to be as high 
compared with the use of two large venous drainage cannu- 
lae positioned in the venae cavae via internal jugular and 
femoral veins. Additionally, meticulous positioning is re- 
quired, usually with transoesophageal echocardiography. 
Use of a dual-lumen cannula in the neck may facilitate mo- 
bilisation in bed, extubation and rehabilitation in patients 
who receive prolonged ECMO support [22]. 

Extracorporeal carbon dioxide removal 

Hypercapnia and respiratory acidosis, although usually 
well tolerated, is a barrier to implementing ultra- 



Table 1 Available extracorporeal respiratory support devices and strategies 



ECLS strategy 

W ECMO standard (femoral vein-femoral vein) 
W ECMO (dual-lumen cannula) 

W ECMO high flow (SVC and IVC access) 

W ECMO high flow with two oxygenators in parallel 

Femoral W with pump 

(iLA™Actiwe; Novalung GmbH, Hechingen, Germany) 

Pulmonary artery-left atrium pumpless with oxygenator 
(iLA™; Novalung GmbH) 



Femoral arterio-venous pumpless (iLA™; Novalung GmbH) 
W ECCOR (Hemolung™; Alung Technologies, Pittsburgh, PA, USA) 



Principle indication(s) 

Default strategy for complete extracorporeal respiratory support 
Complete or partial respiratory support predominantly 
Bridge to lung transplant 

Complete respiratory support for larger patients; for example, male weight >90 kg 
Complete respiratory support for very large patients; for example, male weight > 120 kg 
Complete or partial respiratory support 

Bridge to lung transplant 

Salvage for refractory hypoxia during complete respiratory support on W ECMO 
Salvage for severe pulmonary hypertension with normal left heart 
Partial respiratory support only in a very haemodynamically stable patient 
Partial respiratory support 



Complete respiratory support, oxygenation and carbon dioxide removal; partial respiratory support, carbon dioxide removal and some or no oxygenation. ECCOR, 
extracorporeal carbon dioxide removal; ECLS, extracorporeal life support; ECMO, extracorporeal membrane oxygenation; IVC, inferior vena cava, iLA, interventional 
lung assist; SVC, superior vena cava; VV, venovenous. 



Shekar et al. Critical Care 2014, 18:219 
http://ccforum.eom/content/1 8/2/21 9 



Page 3 of 10 



protective ventilation [21]. This barrier has renewed 
interest in extracorporeal technologies that facilitate 
extracorporeal C0 2 removal (ECCOR). Refinements in 
technology [21,23] have resulted in fewer complications 
when used as adjuncts to LPV [24], but definitive evi- 
dence is lacking [25]. 

ECCOR requires an arterial or venous access cannula, 
a pump to drain blood during venous access, a mem- 
brane lung and a return venous cannula. Heparin-coated 
wire-reinforced cannulae may be placed percutaneously 
in a femoral-femoral or a femoral -jugular orientation. 
Alternatively, a wire-reinforced double-lumen catheter 
may be inserted under ultrasound guidance via the right 
internal jugular vein with the drainage port positioned 
in the intra-hepatic inferior vena cava and the return 
port in the right atrium [21,26]. A flow of fresh gas con- 
taining little or no CO2 is utilised to create a diffusion 
gradient across the membrane and allows C0 2 removal. 
While ECMO necessitates high blood flow rates (5 to 
7 1/minute) to ensure optimal oxygenation, ECCOR al- 
lows C0 2 removal at much lower blood flow rates (<1 1/ 
minute) due to significant differences in C0 2 and oxygen 
kinetics [21,23]. Although lower blood flows can be 
achieved with smaller cannulae with greater ease, vascu- 
lar complications may still occur especially with arterial 
cannulation. 

Various novel ECCOR devices are currently available 
to facilitate LPV and are reviewed in detail elsewhere 
[21,23]. The available and emerging devices are sum- 
marised in Table 1. The pumpless interventional lung as- 
sist iLA™ membrane ventilator marketed by Novalung 
GmbH (Hechingen, Germany) is a low-gradient device 
(Figure 1) that can be employed peripherally (femoral ar- 
tery access and femoral vein return) and allows complete 
C0 2 removal in patients with adequate oxygenation and 
robust haemodynamics. There have been reports of its 
successful use in patients with ARDS [28] and severe 
asthma [29] and as a bridge to lung transplantation [30]. 
However, the risks of arterial access have to be carefully 
considered in these patients. The pulmonary artery-left 
atrial configuration of the same device has been used as 
a bridge to lung transplantation particularly in those 
who have significant pulmonary hypertension [31]. AW 
configuration of the membrane oxygenator with a pump 
(iLA*" Actiwe; Novalung GmbH) is also available for 
partial or complete respiratory support [32]. 

Devices such as the Decap™ system (Hemodec, Sal- 
erno, Italy) that serve the dual purpose of renal replace- 
ment therapy and ECCOR are also available [33]. By 
combining the membrane lung and the pump into a sin- 
gle unit, the Hemolung™ (Alung Technologies, Pitts- 
burgh, PA, USA) achieves efficient C0 2 removal at flows 
between 400 and 600 ml/minute [21] using dual-lumen 
catheters similar to those used for renal replacement 




Figure 1 Interventional lung assist device (iLA™; NovaLung 
GmbH, Talheim, Germany) for pumpless arterio-venous carbon 
dioxide removal. Reproduced with permission from [27]. 



therapy. These low-flow systems provide partial C0 2 re- 
moval only and do not provide any oxygenation benefit. 
Even though modern low-flow W ECCOR devices re- 
portedly require a lower degree of anticoagulation, con- 
cerns remain over risks of circuit thrombosis. Other 
emerging technologies such as intravascular gas ex- 
change and respiratory dialysis [21] are beyond the scope 
of this article. Similarly, bridging the acutely ill patients 
to lung transplantation [34,35] with ECLS is a highly 
specialised service beyond the scope of this review. 

Extracorporeal respiratory support can thus be pro- 
vided with ECCOR or ECMO depending on the lung 
pathology, pulmonary compliance and oxygenation and 
decarboxylation requirements of an individual patient. 
ECMO and ECCOR can also bridge highly selected pa- 
tients to lung transplantation. 

Extracorporeal life support in acute cardiac failure 

Providing temporary mechanical circulatory support 
(MCS) support to patients with acute refractory cardiac 
failure using ECLS techniques is a rapidly evolving area; 
intervention may be time critical and mortality is higher 
than ECLS for isolated respiratory failure [36,37]. The 
use of ECLS in the setting of cardiopulmonary resuscita- 
tion is discussed elsewhere [38,39]. Patient outcomes 
with the use of long-term ventricular assist devices 
(VADs) in cardiogenic shock (INTERMACS class 1) are 
poor [40,41]. Recently published International Society 
for Heart and Lung Transplantation Guidelines for MCS 
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Figure 2 Venoarterial extracorporeal membrane oxygenation. Venoarterial extracorporeal membrane oxygenation can be instituted: (a) 
centrally by cannulating the right atrium/inferior venacava and the aorta; (b) peripherally using the femoral vein and femoral artery (solid arrow, 
arterial return cannula; hollow arrow, back-flow cannula for distal limb perfusion); or (c) peripherally using the axillary/subclavian artery. The choice 
is often guided by the clinical setting, the expected duration of support and pulmonary function. 



provide recommendations for long-term MCS options 
for patients with cardiac failure [42], and these are not 
discussed in this article. These guidelines strongly rec- 
ommend consideration of the use of temporary MCS in 
patients with multiorgan failure, with sepsis or on mech- 
anical ventilation to allow successful optimisation of 
their clinical status and neurologic assessment prior to 
placement of a long-term MCS device [42]. 

The severity of noncardiac organ system failures can be 
defined using scoring systems such as the Sequential 
Organ Failure Assessment score. Severe multiorgan failure 
(for example, Sequential Organ Failure Assessment score 
>15) has been considered a contraindication to W ECMO 
[43] and similar criteria may be applicable for venoarterial 
(VA) ECMO or for the use of an ECMO circuit as a tem- 
porary VAD. Factors considered in the initial cannulation 
strategy include: the underlying cause of cardiac dysfunc- 
tion and projected time course of recovery; the severity of 



pulmonary dysfunction and projected time course of 
recovery; the functional reserve of each ventricle; the pres- 
ence and severity of valvular pathology; risk of arterial ac- 
cess and size of vessels; the severity of coagulopathy and 
risk of sternotomy; and planned future surgery, such as 
long-term VAD or transplant. 

For patients with predominant cardiac failure with 
preserved pulmonary function, the available MCS de- 
vices provide several options (Table 2). Central VA 
ECMO has been traditionally applied as a bridge to re- 
covery in patients who fail to wean from cardiopulmo- 
nary bypass after cardiac surgery (Figure 2). Central VA 
ECMO outside this setting in adults is uncommon. Fem- 
oral VA ECMO (Figure 2) is more commonly used in 
adults requiring urgent cardiac support because it can 
be achieved rapidly and a sternotomy is avoided. One of 
the major limitations of peripheral femoro-femoral VA 
ECMO is left ventricular (LV) afterload mismatch and 



Table 2 Extracorporeal life support strategies for mechanical circulatory support in isolated cardiac failure 



ECLS strategy 



Principle indication(s) 



VA ECMO (return femoral artery) 
Central VA ECMO (return aorta) 

VA ECMO (return axillary artery) 



Centrimag™ (Levitronix LLC, Waltham, MA, USA) LVAD 
(access left atrium/left ventricle, return aorta) 

Centrimag™ (Levitronix LLC) RVAD 

(access right atrium, return pulmonary artery) 

Centrimag™ (Levitronix LLC) BiVAD 

TandemHeart (CardiacAssist, Inc., Pittsburgh, PA, USA) 
percutaneous LVAD (access left atrium via femoral vein, 
return femoral artery 

mpella™ (Abiomed, Aachen, Germany) percutaneous LVAD 
(access femoral artery) 

Peripheral VA ECMO + Impella™ (Abiomed) percutaneous LVAD 
implantable LVAD + temporary RVAD (±oxygenator) 



Default strategy for potentially reversible cardiogenic shock of any cause 

Failure to wean from cardiopulmonary bypass where recovery expected within 7 days 

Salvage for small patients with cardiogenic shock where femoral arterial access inadequate 

Reversible cardiogenic shock where high flows not required 

Reversible cardiogenic shock with lower-limb vascular disease 

Isolated LV support where recovery is expected in 8 weeks 

Isolated RV support where recovery is expected in 8 weeks 

Biventricular support where recovery is expected in 8 weeks 
Isolated LV support 

Isolated LV support 

Isolated LV support with better LV decompression 

Met criteria for LVAD but unexpected reversible RV dysfunction occurred 



BiVAD, biventricular assist device; ECLS, extracorporeal life support; ECMO, extracorporeal membrane oxygenation; LV, left ventricular; LVAD, left ventricular assist 
device; RV, right ventricular; RVAD, right ventricular assist device; VA, venoarterial. 
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inadequate LV decompression/venting. This limitation is 
particularly so in patients with very low native cardiac 
output states and severe mitral valve regurgitation, and 
may result in severe hydrostatic pulmonary oedema in 
some patients. Although some centres use an intra- 
aortic balloon pump in conjunction with peripheral VA 
ECMO to reduce LV afterload and pulmonary conges- 
tion, no definitive data exist to support routine use. 

LV and aortic root stasis from lack of cardiac ejection 
and failure of aortic valve opening may result in cata- 
strophic intracardiac and aortic root thrombosis. In- 
creased anticoagulation to minimise this risk may 
heighten the risk of significant bleeding. Minimally inva- 
sive strategies such as percutaneous transseptal left atrial 
decompression [44] and subxiphoid surgical approaches 
to drain the left ventricle [45] have been described to re- 
duce LV distension. The residual atrial defect may re- 
quire correction once the patient has been weaned from 
mechanical support. Use of a percutaneously inserted 
VAD (Impella™; Abiomed, Aachen, Germany) to decom- 
press the left ventricle has also been reported in this set- 
ting [46], alleviating the need for a high-risk septostomy 
or surgical venting. 

Femoral VA ECMO is also limited by femoral arterial 
size, and thus cannula size and the requirement for distal 
limb perfusion. Given its less invasive nature (compared 



with thoracic access), peripheral VA ECMO - with atten- 
tion to optimal LV afterload, minimising LV distension 
with optimal fluid and inotrope therapy, anticoagulation 
and pulmonary management - is a viable first-line option 
for patients with isolated acute cardiac failure refractory 
to conventional management. 

The limitations of peripheral VA ECMO have 
prompted the use of ECMO devices [47] to facilitate 
ventricular unloading by changing to a temporary left 
ventricular assist device (LVAD) or a biventricular assist 
device configuration (Figure 3). Any perfusion strategy 
that creates a right to left shunt requires an oxygenator 
in the circuit. Oxygenators may additionally provide 
temperature control. This strategy effectively provides 
biventricular support and gas exchange through a single 
pump configuration with the ability to cease right 
ventricular (RV) support when not required. However, 
this configuration requires sternotomy and cannulation 
of the left ventricle (or left atrium) and aorta. A reopera- 
tion (sternotomy or thoracotomy) is then required for 
explantation of the cannulae upon cardiac recovery or 
for implantation of a long-term mechanical assist device. 
Less invasive techniques for temporary cardiorespira- 
tory support including a transition strategy to an 
intermediate-term support configuration [48] allowing 
mobilisation have been described (Figure 4). Although 



LVAD outflow 
. cannula 



Percutaneous RA < — 
venous cannula 




Figure 3 Biventricular assist device along with respiratory support provided by the oxygenator in the circuit. The hybrid Centrimag™ 
(Levitronix LLC, Waltham, MA, USA) extracorporeal membrane oxygenation system can be used as a biventricular assist device along with 
respiratory support provided by the oxygenator in the circuit. Reproduced with permission from [47]. LVAD, left ventricular assist device; RA, 
right atrium. 



Shekar et al. Critical Care 2014, 18:219 
http://ccforum.eom/content/1 8/2/21 9 



Page 6 of 10 




Figure 4 From venoarterial extracorporeal membrane oxygenation (ECMO) to use of ECMO as a temporary ventricular assist device. 

(A) Emergent femoro-femoral venoarterial extracorporeal membrane oxygenation. (B) Left ventricular apical cannulation and decompression. (C) 
Right ventricular recovery and isolated temporary left ventricular support. (D) Axillary artery cannulation to facilitate mobilisation. Reproduced with 
permission from [48]. 



this configuration requires a left thoracotomy, sternot- 
omy is avoided, potentially reducing risk for subsequent 
surgery in the absence of cardiac recovery (long-term 
VAD implantation as a bridge to destination or heart 
transplantation). 

Temporary RV support can be provided with the Cen- 
trimag™ ECMO system (Levitronix LLC, Waltham, MA, 
USA) through percutaneous femoral venous access to 
the right atrium and return to the pulmonary artery via 
a cannulated exteriorised Dacron graft. This strategy is 
described for temporary support of the RV with inser- 
tion of a long-term LVAD but is applicable to other 
causes of severe isolated RV dysfunction. An oxygenator 
can be included in the circuit to ensure adequate oxy- 
genation, C0 2 removal and temperature regulation. 
Upon RV recovery, the graft can be ligated and buried 
upon decannulation without re-sternotomy. 

Percutaneously inserted LVADs such as TandemHeart " 
(CardiacAssist, Inc., Pittsburgh, PA, USA) and Impella™ 
(Abiomed) [49] are potential options for MCS in the 
acute setting. However, there is a paucity of supportive 
evidence for their use and the complications with arter- 
ial access such as bleeding and limb ischemia cannot be 
understated. TandemHeart™ utilises a centrifugal pump 
to drain the left atrial blood from a catheter placed 
transeptally via the femoral vein and returns it to the 



femoral artery. The Impella™ device uses an axial pump 
that is inserted retrogradely across the aortic valve via 
the femoral artery. These devices provide LV support 
and lack the ability to provide extracorporeal respiratory 
support if required. However, there are case reports per- 
taining to their successful use as RV assist devices and/ 
or biventricular assist devices [50,51]. 

Even though the third-generation, implantable LVADs 
designed for long-term MCS are a significant improve- 
ment on earlier devices [52], their use in a deteriorating 
patient with multiorgan dysfunction is associated with 
poor outcomes and is not currently recommended. 

Advanced extracorporeal life support in severe 
cardiorespiratory failure 

The number of patients with severe combined cardiac 
and respiratory failure who fail conventional treatment 
is very small and ECLS in this group is controversial, be- 
ing considered either heroic or futile. In the setting of 
pneumonia or sepsis and severe cardiac dysfunction, 
where feasible, VV ECMO with inotropic support should 
be the initial perfusion strategy [53]. Septic myocardial 
depression may improve with management of the sepsis, 
improved oxygenation and normalisation of respiratory 
acidosis [54]. Peripheral femoral VA ECMO (Figure 2) 
may be considered a rescue option for these patients if 
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myocardial depression is profound [55] or if the diagno- 
sis is uncertain and conditions such as myocarditis are 
considered likely. Use of this strategy in septic patients 
with multiple organ failure who may have severe coagu- 
lation and hepatic dysfunction may be futile. However, 
heroic measures can result in good outcomes [56]. 

Upper body hypoxia can occur if myocardial recovery 
occurs and lung function remains poor. This may be over- 
come by transition to W ECMO if myocardial recovery is 
satisfactory or with the use of VA-venous ECMO, which 
allows return of oxygenated blood to both arterial and 
venous sides of the circulation, thereby minimising the 
risk of upper-body hypoxia. Although peripheral arterial 
cannulation for VA-venous ECMO is less invasive and is 
an attractive option, balancing the oxygenation and perfu- 
sion needs of an individual patient by regulating the return 
of oxygenated blood to the underperfused coronary and 
cerebral circulation may be challenging, and a central con- 
figuration may be preferred in this setting. Returning the 
oxygenated blood in the ascending aorta by cannulating 
the axillary [57,58] or subclavian artery cannulation has 
also been described (Figure 2) in this setting. However, ax- 
illary artery side graft cannulation may be complicated by 
ipsilateral upper-limb hyperperfusion and bleeding from 
the arterial graft [59]. 

A more invasive, high-risk option in this setting in- 
cludes use of the Centrimag'" ECMO system (Levitronix 
LLC) as a temporary LVAD/biventricular assist device 



with an oxygenator in the circuit. The device can be 
employed in several configurations (Table 3) to support 
both the left and/or right ventricles and the oxygenator 
can be removed from the circuit when pulmonary func- 
tion stabilises. This strategy can support patients for a 
longer period of time, allowing more time to recover, 
and minimises the risks of LV distension and throm- 
bosis. This is ideally suited to patients with suspected 
acute myocarditis in whom myocardial recovery is pos- 
sible but prolonged support may be required. Alterna- 
tively, central VA ECMO may be used in a patient in 
extremis [60,61] when femoral cannulation is expected 
to be difficult. Regardless of the initial strategy used, 
transition to W ECMO (Figure 5) should be considered 
as soon as adequate cardiac function returns and is 
pragmatically possible. Continued vigilance as well as 
prospective risk management of the potential for LV 
and/or aortic root thrombosis must be considered when 
exploring specific potential configurations, and must be 
assessed prior to implantation. 

By providing a range of support options based on the de- 
gree of cardiac and respiratory failure (Table 3), ECLS thus 
redefines the contemporary management of this condition. 

Experimental extracorporeal life support therapies 

Several other ECLS cannulation strategies merit consid- 
eration and further investigation. These strategies are 
necessitated by inherent limitations of ECLS therapies 



Table 3 Advanced extracorporeal life support strategies for cardiac and respiratory support: bridging to intermediate 
or long-term support may be required 

ECLS strategy Principle indication(s) 



VA ECMO (return femoral artery) 
VA ECMO (return axillary artery) 



VA ECMO (return ascending aorta) 



VA-venous ECMO 



Venous-pulmonary artery ECMO 

Centrimag™ (Levitronix LLC, Waltham, MA, USA) RVAD 
(femoral access + oxygenator) 

Centrimag™ (Levitronix LLC) RVAD (right atrium access + 
oxygenator) 

Centrimag™ (Levitronix LLC) hybrid (requires oxygenator) Severe LV after load mismatch on VA ECMO 



Default strategy for potentially reversible cardiogenic shock of any cause 
Reversible cardiogenic shock where high flows are not required 
Reversible cardiogenic shock with lower-limb vascular disease 
Reversible cardiogenic shock with poor gas exchange 

Failure to wean from cardiopulmonary bypass where recovery expected within 7 days 

Salvage for small patients with cardiogenic shock where femoral arterial access 
inadequate 

Salvage for severe combined cardiac and respiratory failure 
Patients developing circulatory instability on venovenous ECMO 
Salvage for severe combined cardiac and respiratory failure 
Reversible RV dysfunction expected duration up to 2 weeks 
Reversible RV dysfunction expected duration up to 2 weeks 

Reversible isolated RV dysfunction expected duration up to 8 weeks with plan to 
remove oxygenator and convert to RVAD 



Implantable LVAD + temporary RVAD (±oxygenator) 



Severe combined cardiac and respiratory failure where early RV recovery is expected 
before intermediate term LV recovery 

Met criteria for LVAD but unexpected reversible RV dysfunction occurred 



ECLS, extracorporeal life support; ECMO, extracorporeal membrane oxygenation; LV, left ventricular; LVAD, left ventricular assist device; RV, right ventricular; RVAD, 
right ventricular assist device; VA, venoarterial. 
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Figure 5 Patient in extremis initially receiving femoro-femoral venoarterial extracorporeal membrane oxygenation (ECMO) with transition 
to venovenous ECMO. Patient in extremis initially received femoro-femoral venoarterial (VA) ECMO for severe cardiorespiratory failure with transition 
to venovenous (W) ECMO on day 4 following satisfactory cardiac recovery, (a) Chest X-ray scan shows multistage access cannula in the right atrium 
(RA) during VA ECMO, (b) which was later withdrawn into the inferior vena cava (IVC) during W ECMO. (b) A venous return cannula can also be seen 
in the right atrium. 



such as VV ECMO and VA ECMO and also to make 
some of the support options less invasive. A summary of 
these therapies is presented in Table 4. 

Refractory hypoxia and severe pulmonary hypertension 
may be encountered on W ECMO and is often terminal. 
Percutaneous transeptal cannulation of the left atrium to 
return the oxygenated blood has been proposed as an op- 
tion to avoid a sternotomy, which needs to be further in- 
vestigated. Similarly, percutaneous transeptal cannulation 
of the left atrium for access along with percutaneous right 
atrial cannulation may assist in venting the left ventricle 
during VA ECMO. Other emerging less invasive ECLS op- 
tions include hybrid systems that can provide renal re- 
placement therapy and C0 2 removal. 

Limitations of extracorporeal life support 
therapies 

ECLS therapies are high-risk invasive interventions under- 
taken in a few specialised centres. Despite the advance- 
ments in ECLS technology, the associated complications 
such as bleeding, thrombosis and infections cannot be 
underestimated. Apart from the risk profile, the success of 



ECLS relies heavily on its clinical application. Careful se- 
lection of both patients and the ECLS perfusion strategy is 
the key and not all centres may have the experience or the 
resources to provide the full complement of ECLS therap- 
ies discussed in this paper. 

The lack of robust evidence is a significant limitation. 
The complexities in delivering ECLS include resources and 
cost-effectiveness, staff training, governance and availability 
of funding for other programmes such as cardiothoracic 
surgery, long-term mechanical assist devices, and heart and 
lung transplantation. Such undertaking may be feasible in 
resource-rich settings, but significant innovation and refine- 
ment is required prior to its widespread use. With minimal 
improvement in outcomes in ARDS over the years, wide- 
spread use of W ECMO and ECCOR may be a reality in 
years to come. VA ECMO and its use as a temporary VAD 
for MCS is a complex undertaking and its use will probably 
be limited to specialised centres. 

Conclusion 

ECLS therapies hold promise and further research is in- 
dicated to explore their full potential. Given the small 



Table 4 Experimental extracorporeal life support options 



ECLS strategy 



Possible indication(s) 



W ECMO + atrial septostomy 

W ECMO + transeptal return to left atrium 



Refractory hypoxia and/or pulmonary hypertension on W ECMO avoiding 
sternotomy 

Refractory hypoxia and/or pulmonary hypertension on W ECMO avoiding 
sternotomy 



Venoarterial ECMO + transeptal access from left atrium and right Refractory left ventricular distension on venoarterial ECMO 
atrium 



ECLS, extracorporeal life support; ECMO, extracorporeal membrane oxygenation; W, venovenous. 
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number of patients who receive ECLS for cardiac and/or 
respiratory support globally, it may not be feasible to 
generate evidence-based guidelines for all available ther- 
apies. However, ongoing refinements in technology, de- 
velopment of minimally invasive techniques, better 
understanding of the physiological impact of the ECLS 
circuit (for example, altered pharmacokinetics of vital 
drugs [62]) and improved clinical delivery may improve 
patient outcomes. ECLS therapies will probably play a 
vital future role in the management of adult patients 
with acute cardiorespiratory failure. Collaboration be- 
tween global ECLS centres is the key in designing and 
conducting high-quality clinical trials that will hopefully 
provide more clarity in patient selection, choice of ECLS 
device and the appropriate perfusion strategy to be used. 

Abbreviations 

ARDS: Acute respiratory distress syndrome; C0 2 : Carbon dioxide; 

ECCOR: Extracorporeal carbon dioxide removal; ECLS; Extracorporeal life 

support; ECMO: Extracorporeal membrane oxygenation; LPV: Lung-protective 

ventilation; LV: Left ventricular; LVAD: Left ventricular assist device; 

MCS; Mechanical circulatory support; RV: Right ventricular; VA: Venoarterial; 

VAD: Ventricular assist device; W: Venovenous. 

Competing interests 

The authors declare that they have no competing interests. 
Acknowledgements 

JFF currently holds a Research Fellowship from Queensland Health. 
Author details 

1 Critical Care Research Group, Adult Intensive Care Services, The Prince 
Charles Hospital and The University of Queensland, Rode Road, Chermside, 
Brisbane, Queensland 4032, Australia, department of Cardiothoracic Surgery, 
The Prince Charles Hospital, Rode Road, Chermside, Brisbane, Queensland 
4032, Australia. Queensland Advanced Heart Failure and Cardiac Transplant 
Unit, The Prince Charles Hospital, Rode Road, Chermside, Brisbane, 
Queensland 4032, Australia. 



Published: 09 May 2014 
References 

1. MacLaren G, Combes A, Bartlett RH: Contemporary extracorporeal 
membrane oxygenation for adult respiratory failure: life support in the 
new era. Intensive Care Med 2012, 38:210-220. 

2. Bartlett RH, Gattinoni L: Current status of extracorporeal life support 
(ECMO) for cardiopulmonary failure. Minerva Anestesiol 2010, 76:534-540. 

3. Davies A, Jones D, Bailey M, Beca J, Bellomo R, Blackwell N, Forrest P, Gattas 
D, Granger E, Herkes R, Jackson A, McGuinness S, Nair P, Pellegrino V, Pettila 
V, Plunkett B, Pye R, Torzillo P, Webb S, Wilson M, Ziegenfuss M, Australia 
and New Zealand Extracorporeal Membrane Oxygenation (ANZ ECMO) 
Influenza Investigators: Extracorporeal membrane oxygenation for 2009 
influenza A(H1 Nl) acute respiratory distress syndrome. JAMA 2009, 
302:1888-1895. 

4. Fraser JF, Shekar K, Diab S, Dunster K, Foley SR, McDonald CI, Passmore M, 
Simonova G, Roberts JA, Platts DG, Mullany DV, Fung YL: ECMO - the 
clinician's view. ISBT Sci Ser 2012, 7:82-88. 

5. Lequier L, Horton SB, McMullan DM, Bartlett RH: Extracorporeal membrane 
oxygenation circuitry. Pediatr Crit Care Med 2013, 14(5 Suppl 1):S7-S12. 

6. Allen S, Holena D, McCunn M, Kohl B, Sarani B: A review of the 
fundamental principles and evidence base in the use of extracorporeal 
membrane oxygenation (ECMO) in critically ill adult patients. J Intensive 
Care Med 201 1,26:13-26. 

7. Pipeling MR, Fan E: Therapies for refractory hypoxemia in acute 
respiratory distress syndrome. JAMA 2010, 304:2521-2527. 



8. Shekar K, Davies AR, Mullany DV, Tiruvoipati R, Fraser JF: To ventilate, 
oscillate, or cannulate? J Crit Care 201 3, 28:655-662. 

9. Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A, Jaber 
S, Arnal JM, Perez D, Seghboyan JM, Constantin JM, Courant P, Lefrant JY, 
Guerin C, Prat G, Morange S, Roch A, ACURASYS Study Investigators: 
Neuromuscular blockers in early acute respiratory distress syndrome. 

N Engl J Med 2010, 363:1 107-1 116. 

10. Guerin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, Mercier E, 
Badet M, Mercat A, Baudin O, Clavel M, Chatellier D, Jaber S, Rosselli S, 
Mancebo J, Sirodot M, Hilbert G, Bengler C, Richecoeur J, Gainnier M, Bayle 
F, Bourdin G, Leray V, Girard R, Baboi L, Ayzac L, PROSEVA Study Group: 
Prone positioning in severe acute respiratory distress syndrome. W Engl J 
Med 2013, 368:2159-2168. 

1 1 . Ferguson ND, Cook DJ, Guyatt GH, Mehta S, Hand L, Austin P, Zhou Q, 
Matte A, Walter SD, Lamontagne F, Granton JT, Arabi YM, Arroliga AC, 
Stewart TE, Slutsky AS, Meade MO, OSCILLATE Trial Investigators; Canadian 
Critical Care Trials Group: High-frequency oscillation in early acute 
respiratory distress syndrome. N Engl J Med 2013, 368:795-805. 

12. Young D, Lamb S, Shah S, Mackenzie I, Tunnicliffe W, Lall R, Rowan K, 
Cuthbertson BH, OSCAR Study Group: High-frequency oscillation for acute 
respiratory distress syndrome. N Engl J Med 2013, 368:806-813. 

13. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, Hibbert 
CL, Truesdale A, Clemens F, Cooper N, Firmin RK, Elbourne D, CESAR Trial 
Collaboration: Efficacy and economic assessment of conventional 
ventilatory support versus extracorporeal membrane oxygenation for 
severe adult respiratory failure (CESAR): a multicentre randomised 
controlled trial. Lancet 2009, 374:1351-1363. 

14. Noah MA, Peek GJ, Finney SJ, Griffiths MJ, Harrison DA, Grieve R, Sadique 
MZ, Sekhon JS, McAuley DF, Firmin RK, Harvey C, Cordingley JJ, Price S, 
Vuylsteke A, Jenkins DP, Noble DW, Bloomfield R, Walsh TS, Perkins GD, 
Menon D, Taylor BL, Rowan KM: Referral to an extracorporeal membrane 
oxygenation center and mortality among patients with severe 2009 
influenza A(H1N1). JAMA 2011, 306:1659-1668. 

15. Pham T, Combes A, Roze H, Chevret S, Mercat A, Roch A, Mourvillier B, Ara- 
Somohano C, Bastien 0, Zogheib E, Clavel M, Constan A, Marie Richard JC, 
Brun-Buisson C, Brochard L, REVA Research Network: Extracorporeal 
membrane oxygenation for pandemic influenza A(H1Nl)-induced acute 
respiratory distress syndrome: a cohort study and propensity-matched 
analysis. Am J Respir Crit Care Med 2013, 187:276-285. 

16. Patroniti N, Zangrillo A, Pappalardo F, Peris A, Cianchi G, Braschi A, lotti GA, 
Arcadipane A, Panarello G, Ranieri VM, Terragni P, Antonelli M, Gattinoni L, 
Oleari F, Pesenti A: The Italian ECMO network experience during the 2009 
influenza A(H1N1) pandemic: preparation for severe respiratory 
emergency outbreaks. Intensive Care Med 201 1, 37:1447-1457. 

1 7. Dominguez-Cherit G, Lapinsky SE, Macias AE, Pinto R, Espinosa-Perez L, de la 
Torre A, Poblano-Morales M, Baltazar-Torres JA, Bautista E, Martinez A, 
Martinez MA, Rivera E, Valdez R, Ruiz-Palacios G, Hernandez M, Stewart TE, 
Fowler RA: Critically ill patients with 2009 influenza A(H1N1) in Mexico. 
JAMA 2009, 302:1880-1887. 

18. Kumar A, Zarychanski R, Pinto R, Cook DJ, Marshall J, Lacroix J, Stelfox T, 
Bagshaw S, Choong K, Lamontagne F, Turgeon AF, Lapinsky S, Ahern 
SP, Smith O, Siddiqui F, Jouvet P, Khwaja K, Mclntyre L, Menon K, 
Hutchison J, Hornstein D, Joffe A, Lauzier F, Singh J, Karachi T, Wiebe K, 
Olafson K, Ramsey C, Sharma S, Dodek P, et al: Critically ill patients 
with 2009 influenza A(H1N1) infection in Canada. JAMA 2009, 
302:1872-1879. 

19. Forrest P, Ratchford J, Bums B, Herkes R, Jackson A, Plunkett B, Torzillo P, 
Nair P, Granger E, Wilson M, Pye R: Retrieval of critically ill adults using 
extracorporeal membrane oxygenation: an Australian experience. 
Intensive Care Med 201 1, 37:824-830. 

20. Philipp A, Arlt M, Amann M, Lunz D, Muller T, Hilker M, Graf B, Schmid C: 
First experience with the ultra compact mobile extracorporeal 
membrane oxygenation system Cardiohelp in interhospital transport. 
Interact Cardiovasc Thorac Surg 201 1 , 1 2:978-981 . 

21. Cove ME, Maclaren G, Federspiel WJ, Kellum JA: Bench to bedside review: 
Extracorporeal carbon dioxide removal, past present and future. Crit Care 
2012, 16:232. 

22. Bermudez CA, Rocha RV, Sappington PL, Toyoda Y, Murray HN, Boujoukos 
AJ: Initial experience with single cannulation for venovenous 
extracorporeal oxygenation in adults. Ann Thorac Surg 2010, 

90:991-995. 



Shekar et al. Critical Care 2014, 18:219 
http://ccforum.eom/content/1 8/2/21 9 



Page 10 of 10 



23. Terragni P, Birocco A, Ranieri VM: Extracorporeal lung support to remove 
carbon dioxide. Eur Respir Mon 2012, 55:142-152. 

24. Terragni PP, Del Sorbo L, Mascia L, Urbino R, Martin EL, Birocco A, Faggiano 
C, Quintel M, Gattinoni L, Ranieri VM: Tidal volume lower than 6 ml/kg 
enhances lung protection: role of extracorporeal carbon dioxide 
removal. Anesthesiology 2009, 1 1 1 :826-835. 

25. Bein T, Weber-Carstens S, Goldmann A, Muller T, Staudinger T Brederlau J, 
Muellenbach R, Dembinski R, Graf BM, Wewalka M, Philipp A, Wernecke KD, 
Lubnow M, Slutsky AS: Lower tidal volume strategy (approximately 3 ml/kg) 
combined with extracorporeal C0 2 removal versus 'conventional' protective 
ventilation (6 ml/kg) in severe ARDS: the prospective randomized 
Xtravent-study. Intensive Care Med 201 3, 39:847-856. 

26. Wang D, Zhou X, Liu X, Sidor B, Lynch J, Zwischenberger JB: Wang-Zwische 
double lumen cannula - toward a percutaneous and ambulatory 
paracorporeal artificial lung. ASAIO J 2008, 54:606-61 1 . 

27. Muller T, Lubnow M, Philipp A, Bein T, Jeron A, Luchner A, Rupprecht L, 
Reng M, Langgartner J, Wrede CE, Zimmermann M, Birnbaum D, Schmid C, 
Riegger GAJ, Pfeifer (VI: Extracorporeal pumpless interventional lung assist 
in clinical practice: determinants of efficacy. Eur Respir J 2009, 33:551-558. 

28. Johnson P, Frohlich S, Westbrook A: Use of extracorporeal membrane lung 
assist device (Novalung) in HI Nl patients. J Card Surg 201 1, 26:449-452. 

29. Elliot SC, Paramasivam K, Oram J, Bodenham AR, Howell SJ, Mallick A: 
Pumpless extracorporeal carbon dioxide removal for life-threatening 
asthma. Crit Care Med 2007, 35:945-948. 

30. Bartosik W, Egan JJ, Wood AE: The Novalung interventional lung assist as 
bridge to lung transplantation for self-ventilating patients - initial 
experience. Interact Cardiovasc Thorac Surg 201 1 , 1 3:1 98-200. 

31. Strueber M, Hoeper MM, Fischer S, Cypel M, Warnecke G, Gottlieb J, Pierre 
A, Welte T, Haverich A, Simon AR, Keshavjee S: Bridge to thoracic organ 
transplantation in patients with pulmonary arterial hypertension using a 
pumpless lung assist device. Am J Transplant 2009, 9:853-857. 

32. Fischer S, Hoeper MM, Tomaszek S, Simon A, Gottlieb J, Welte T, Haverich A, 
Strueber M: Bridge to lung transplantation with the extracorporeal 
membrane ventilator Novalung in the veno-venous mode: the initial 
Hannover experience. ASAIO J 2007, 53:1 68-1 70. 

33. Ruberto F, Pugliese F, D'Alio A, Perrella S, D'Auria B, lanni S, Anile M, Venuta 
F, Coloni GF, Pietropaoli P: Extracorporeal removal C0 2 using a 
venovenous, low-flow system (Decapsmart) in a lung transplanted 
patient: a case report. Transplant Proc 2009, 41:1412-1414. 

34. Strueber M: Bridges to lung transplantation. Curr Opin Organ Transplant 
2011, 16:458-461. 

35. Strueber M: Extracorporeal support as a bridge to lung transplantation. 

Curr Opin Crit Care 2010, 16:69-73. 

36. Combes A, Leprince P, Luyt CE, Bonnet N, Trouillet JL, Leger P, Pavie A, 
Chastre J: Outcomes and long-term quality-of-life of patients supported 
by extracorporeal membrane oxygenation for refractory cardiogenic 
shock. Crit Care Med 2008, 36:1404-141 1. 

37. ECLS Registry Report January. Ann Arbor, Ml: Extracorporeal Life Support 
Organisation; 2013. 

38. Chen YS, Lin JW, Yu HY, Ko WJ, Jemg JS, Chang WT, Chen WJ, Huang SC, 
Chi NH, Wang CH, Chen LC, Tsai PR, Wang SS, Hwang JJ, Lin FY: 
Cardiopulmonary resuscitation with assisted extracorporeal life-support 
versus conventional cardiopulmonary resuscitation in adults with in- 
hospital cardiac arrest: an observational study and propensity analysis. 
Lancet 2008, 372:554-561. 

39. Thiagarajan RR: Extracorporeal membrane oxygenation to support 
cardiopulmonary resuscitation: useful, but for whom? Crit Care Med 201 1, 
39:190-191. 

40. Kirklin JK, Naftel DC, Kormos RL, Stevenson LW, Pagani FD, Miller MA, 
Timothy Baldwin J, Young JB: Fifth INTERMACS annual report: risk factor 
analysis from more than 6,000 mechanical circulatory support patients. J 

Heart Lung Transplant 2013, 32:141-156. 

41. Holman WL, Kormos RL, Naftel DC, Miller MA, Pagani FD, Blume E, Cleeton 
T, Koenig SC, Edwards L, Kirklin JK: Predictors of death and transplant in 
patients with a mechanical circulatory support device: a multi- 
institutional study. J Heart Lung Transplant 2009, 28:44-50. 

42. Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore SA, Morgan 
JA, Arabia F, Bauman ME, Buchholz HW, Deng M, Dickstein ML, El-Banayosy A, 
Elliot T, Goldstein DJ, Grady KL, Jones K, Hryniewicz K, John R, Kaan A, Kusne S, 
Loebe M, Massicotte MP, Moazami N, Mohacsi P, Mooney M, Nelson T, Pagani 
F, Perry W, Potapov EV, et al: The 201 3 International Society for Heart and 



Lung Transplantation Guidelines for mechanical circulatory support: 
executive summary. J Heart Lung Transplant 201 3, 32:1 57-1 87. 

43. Combes A, Bacchetta M, Brodie D, Muller T, Pellegrino V: Extracorporeal 
membrane oxygenation for respiratory failure in adults. Curr Opin Crit 
Care 2012, 18:99-104. 

44. Aiyagari RM, Rocchini AP, Remenapp RT, Graziano JN: Decompression of the left 
atrium during extracorporeal membrane oxygenation using a transseptal 
cannula incorporated into the circuit. Crit Care Med 2006, 34:2603-2606. 

45. Guirgis M, Kumar K, Menkis AH, Freed DH: Minimally invasive left-heart 
decompression during venoarterial extracorporeal membrane 
oxygenation: an alternative to a percutaneous approach. Interact Cardiovasc 
Thorac Surg 2010, 10:672-674. 

46. Vlasselaers D, Desmet M, Desmet L, Meyns B, Dens J: Ventricular unloading 
with a miniature axial flow pump in combination with extracorporeal 
membrane oxygenation. Intensive Care Med 2006, 32:329-333. 

47. Aggarwal A, Modi S, Kumar S, Korrapati C, Tatooles A, Pappas PS, Bhat G: 
Use of a single-circuit CentriMag" for biventricular support in 
postpartum cardiomyopathy. Perfusion 2013, 28:156-159. 

48. Massetti M, Gaudino M, Saplacan V, Farina P: From extracorporeal 
membrane oxygenation to ventricular assist device oxygenation without 
sternotomy. J Heart Lung Transplant 2013, 32:138-139. 

49. Cove ME, MacLaren G: Clinical review: mechanical circulatory support for 
cardiogenic shock complicating acute myocardial infarction. Crit Care 

2010, 14:235. 

50. Prutkin JM, Strote JA, Stout KK: Percutaneous right ventricular assist 
device as support for cardiogenic shock due to right ventricular 
infarction. J Invasive Cardiol 2008, 20:E21 5-E21 6. 

51 . Rajagopal V, Steahr G, Wilmer CI, Raval NY: A novel percutaneous 
mechanical biventricular bridge to recovery in severe cardiac allograft 
rejection. J Heart Lung Transplant 201 0, 29:93-95. 

52. Gregory SD, Timms D, Gaddum N, Mason DG, Fraser JF: Biventricular assist 
devices: a technical review. Ann Biomed Eng 201 1, 39:2313-2328. 

53. Skinner SC, locono JA, Ballard HO, Turner MD, Ward AN, Davenport DL, 
Paden ML, Zwischenberger JB: Improved survival in venovenous vs 
venoarterial extracorporeal membrane oxygenation for pediatric 
noncardiac sepsis patients: a study of the Extracorporeal Life Support 
Organization registry. J Pediatr Surg 2012, 47:63-67. 

54. Maclaren G, Butt W: Extracorporeal membrane oxygenation and sepsis. 
Crit Care Resusc 2007, 9:76-80. 

55. Brechot N, Luyt CE, Schmidt M, Leprince P, Trouillet JL, Leger P, Pavie A, 
Chastre J, Combes A: Venoarterial extracorporeal membrane oxygenation 
support for refractory cardiovascular dysfunction during severe bacterial 
septic shock. Crit Care Med 2013, 41:1616-1626. 

56. Firstenberg MS, Blais D, Abel E, Louis LB, Sun B, Mangino JE: Fulminant 
Neisseria meningitidis: role for extracorporeal membrane oxygenation. 
Heart Surg Torum 2010, 13:E376-E378. 

57. Navia JL, Atik FA, Beyer EA, Ruda Vega P: Extracorporeal membrane 
oxygenation with right axillary artery perfusion. Ann Thorac Surg 2005, 
79:2163-2165. 

58. Moazami N, Moon MR, Lawton JS, Bailey M, Damiano R Jr: Axillary artery 
cannulation for extracorporeal membrane oxygenator support in adults: 
an approach to minimize complications. J Thorac Cardiovasc Surg 2003, 
126:2097-2098. 

59. Chamogeorgakis T, Lima B, Shafii AE, Nagpal D, Pokersnik JA, Navia JL, 
Mason D, Gonzalez-Stawinski GV: Outcomes of axillary artery side graft 
cannulation for extracorporeal membrane oxygenation. J Thorac 
Cardiovasc Surg 2013, 145:1088-1092. 

60. MacLaren G, Cove M, Kofidis T: Central extracorporeal membrane 
oxygenation for septic shock in an adult with H1N1 influenza. Ann 
Thorac Surg 2010, 90:e34-e35. 

61 . MacLaren G, Butt W, Best D, Donath S: Central extracorporeal membrane 
oxygenation for refractory pediatric septic shock. Pediatr Crit Care Med 

2011, 12:133-136. 

62. Shekar K, Fraser JF, Smith MT, Roberts JA: Pharmocokinetic changes in 
patients receiving extracorporeal membrane oxygenation. J Crit Care 

2012, 27:741.e9-741.el8. 



10.1 186/cd 3865 

Cite this article as: Shekar et at: Extracorporeal life support devices and 
strategies for management of acute cardiorespiratory failure in adult 
patients: a comprehensive review. Critical Care 2014, 18:219 



